aptic α 2 -autoreceptors impairs attention and target detection by reducing the release of NE [8, 9] . It has been known that MPH, as an inhibitor of both NE transporters (NET) and DA transporters (DAT), improves the working memory and attentional functions in rats by increasing the release of catecholamine [10] [11] [12] . Recently, administration of MPH, at low concentrations, preferentially increased catecholamine neurotransmission within the prefrontal cortex (PFC), enhancing cognitive function [12] . However, few studies have examined the effect of MPH on noradrenergic synaptic transmission in the CNS, in vitro.
The locus coeruleus (LC) is a central noradrenergic nucleus that sends numerous projections widely in the mammalian CNS [13, 14] . The LC participates in various brain functions, including vigilance, attention and mediation of stress response [15] [16] [17] . Previous studies showed that administration of MPH to LC neurons reduced the firing rate of spontaneous action potentials, in vivo [16, 18] . Recently, MPH has been shown to produce a hyperpolarizing response (and an outward current) via activation of α 2 -adrenoceptors, and to enhance the inhibitory postsynaptic potential (IPSP) in adult rat LC neurons [19, 20] . The LC is particularly useful for studying the function of noradrenergic synaptic transmission because recurrent collaterals of LC neurons release NE onto the somatodendritic membrane of other (or the soma) LC neurons, mediating the IPSP [21] . The purpose of the present study was to examine the effect of MPH on the IPSP in LC neurons of juvenile rats by intracellular and whole-cell patchclamp recording methods. Preliminary findings of this work have appeared in abstract form [22] .
MATERIALS AND METHODS
Brain slices containing the LC were obtained from Wistar-Kyoto (WKY) rats in a manner described previously [19, 23] . Briefly, juvenile male rats (within 1 W after birth, 50-100 g) were killed by decapitation under anesthesia with pentobarbital (40 mg/kg), and their brains were rapidly removed and immersed for 8-10 s in a cooled (4°C) artificial cerebrospinal fluid (ACSF) that was pre-bubbled with 95% O 2 -5% CO 2 . Horizontal brain slices (200-250 μm in thickness) were cut with a VT1000S (Leica) in cooled ACSF and left to recover for one hour in oxygenated ACSF at room temperature (22-24°C) . A hemisected slice was submerged in the ACSF (32-33°C) during the electrophysiological experiments. The composition of the ACSF was as follows (in mM): 126 NaCl, 2. [19] . Patch pipettes were filled with the internal solution (mM): 130 KCl, 20 NaCl, 0.3 CaCl 2 , 1 MgCl 2 , 1 ethylene glycolbis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA); 2 adenosine 5'-triphosphate (ATP); 0.25 guanosine 5'-triphosphate (GTP); and 10 N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES) (pH 7.3 adjusted by KOH, 280 mOsm). Tip resistance of the whole-cell patch-pipettes was 3-5 MΩ. A single focal stimulation (20-50 V for 200-300 μS) was applied to the lateral edge of the LC to evoke postsynaptic responses at intervals of 30 s [21] . Voltage and current were recorded with an Axoclamp-2A amplifier and were monitored continuously with an oscilloscope (Nihon-Kohden, RTA-1100). During the whole-cell patch-clamping, sample frequencies were between 4.5 and 6 kHz and the amplifier gain was 0.8-2.5 nA/mV. A pClamp system (Axon Instruments) operating on a Windows based PC was used to analyze the membrane potential and current. Drugs used were GTP, EGTA, NE, remoxipride, SCH23390, and yohimbine, all of which were purchased from SigmaAldrich Corporation (St. Louis, MO, USA). MPH hydrochloride was gift from NOVARTIS Pharma (Basel, Switzerland). SCH23390 were dissolved in ethanol and applied to the ACSF. Each experimental value was presented as the mean±SE and was analyzed by unpaired Student's t-test.
RESULTS

Effects of MPH on synaptic transmission in the juvenile rat LC
Neurons in the juvenile rat LC exhibited tonic firing of spontaneous action potentials with a frequency of 0.5 to 3 Hz, when impaled by an intracellular microelectrode (Fig. 1Aa) . The resting membrane potential and input resistances of LC neurons were -54.0±2.0 mV (n=55) and 52.2±4.0 MΩ (n=55), respectively, when recorded during intervals in spontaneous spike activity. These activities of LC neurons in juvenile rats are comparable to those in adult rats [21, 23] . Figure 1Aa shows the effect of MPH (10 μM) on the membrane potential of juvenile rat LC neurons. Bathapplication of MPH (10 μM) for 5 min produced a hyperpolarizing response that lasted for 10-15 min and recovered within 20-30 min after withdrawal of MPH from the superfusing solution. The MPH-induced hyperpolarization was associated with a decrease in the rate of spontaneous action potential rate. Figure 1Ab shows electrotonic potentials produced by injection of inward current pulses with a duration of 400 ms. MPH (10 μM) depressed the amplitude of electrotonic potentials, indicating that MPH (10 μM) decreased the input resistance of juvenile rat LC neurons. Bathapplication of MPH (0.1-0.3 μM) to LC neurons produced no detectable hyperpolarization in 9 neurons. MPH (1 μM) produced a hyperpolarizing response with amplitude of 1-3 mV in 6 neurons, but not in the remaining 3 neurons. Altogether, the amplitude of the hyperpolarizing response produced by MPH (1 μM) was 1.3±0.8 mV (n=6). MPH at concentrations of 3, 10 and 30 μM produced hyperpolarizing responses with amplitudes of 6.3±2.7 mV (n=7), 8.2±1.3 mV (n=7) and 13.6±1.2 mV (n=11), respectively in juvenile rat LC neurons. We next examined the effect of MPH on noradrenergic synaptic transmission in the LC of juvenile rats (Fig. 1B) . The IPSP was recorded at a membrane potential of -60 mV by continuous injection of hyperpolarizing DC current to block the spontaneous firing activity. Application of single focal stimulation to the rostral edge of the LC with intensity of 20 V evoked a potential sequence of the excitatory postsynaptic potential (EPSP) and the IPSP (Fig. 1Ba) . Bathapplication of MPH (1 μM) to the ACSF for 5 min increased the amplitude and the duration of the IPSP (Fig. 1Bb) . The amplitude of the IPSP recovered within 20 min after withdrawal of MPH from the ACSF. However, the duration of the IPSP was not completely restored within the recovery time. In contrast, MPH (1 μM) did not change the amplitude of the EPSP in juvenile rat LC neurons (Fig. 1Bc) . The effect of MPH on the IPSP was concentration-dependent (Table 1) . MPH (0.1 μM) produced a 124±8% (n=5) increase in the amplitude of the IPSP in juvenile rat LC neurons. MPH (0.3-10 μM) enhanced the amplitude of the IPSP in a concentration-dependent manner.
The effect of MPH on synaptic transmission in the juvenile rat LC was examined using voltage-clamp techniques, because the postsynaptic potentials are dependent on the membrane potential and resistance. Under whole-cell patch-clamp conditions, stimulation of the LC produced an excitatory postsynaptic current (EPSC) followed by an inhibitory postsynaptic current (IPSC) (Fig. 2Aa) . The amplitude of the IPSC evoked by a stimulus intensity of 20 V was 28.3±8.0 pA (n=7) at − 60 mV. Bath-application of MPH (1 μM) for 5 min produced no obvious outward current in the membrane current, but markedly increased the amplitude of IPSC to 47.1±5.7 pA (n=7) at the same holding potential. The duration of the IPSC was also increased by MPH (1 μM). The effect of MPH (1 μM) on the EPSC was examined at a membrane potential of -90 mV in juvenile rat LC neurons. Since the IPSC partially overlapped the EPSC, the IPSC was eliminated at the membrane potential of -90 mV, the equilibrium potential of K ions [21] . MPH (1 μM) did not obviously change the amplitude and the duration of the EPSC in LC neurons (Fig. 2Ab) . Pooled data showed that the amplitudes of the EPSC were 125.0±17.7 pA (n=2) and 129.7±9.1 pA (n=12) in the absence and the presence of MPH (1 μM), respectively. There was no statistical significance between these two figures (p<0.1). Figure 2B shows the effects of MPH (0.1-100 μM) on the amplitude of the EPSC and the IPSC in juvenile rat LC neurons. The effects of MPH on the IPSC showed a bell-shaped concentration-response relationship. MPH (0.3-10 μM) increased the amplitude of the IPSC in a concentration-dependent manner. The amplitude of the IPSC was enhanced to 232±35% (n=5) of control by MPH (10 μM). However, at a concentration of 30 μM, MPH produced only a 152±12% (n=10) enhancement of the IPSC. MPH (100 μM) conversely depressed the IPSC to 25% of the control level (n=4). In contrast to the IPSC, MPH (0.1-100 μM) did not significantly change the amplitude of the EPSC in juvenile rat LC neurons (Fig. 2B) . Figure 3A shows the concentration-dependent effect of MPH (1-100 μM) on the time course of the IPSC obtained at a holding potential of -60 mV in juvenile rat LC neurons. MPH (10 μM) markedly enhanced both the amplitude and the duration of the IPSC (Fig. 3Aa) . However MPH at a concentration of 30 μM did not obviously alter the peak amplitude of the IPSC, but markedly increased the duration of the IPSC (Fig. 3Ab) . The concentration-response relationship between the duration of the IPSC and the concentration of MPH (1-30 μM) is shown in Fig. 3B . The rise time and the rate of decay of the IPSC were represented by the time-to-peak (t 1 ) and the half-decay time (t 2 ) of the IPSC, respectively. MPH (1 μM) increased both the (t 1 ) and (t 2 ) of the IPSC to 165±8% (n=6) of control and 156±10% (n=6) of control, respectively. At a concentration of 30 μM, MPH increased the (t l ) and (t 2 ) of the IPSC to 384±70% (n=6) and 511±90% (n=6) of the control, respectively. It has been demonstrated that the IPSC is composed of two components produced by NE and γ-aminobutyric acid (GABA) in adult rat LC neurons [24] . We, therefore, examined the effect of MPH (3 μM) on the IPSC in LC neurons treated with yohimbine (1 μM), a blocker of α 2 -adrenoceptors (Fig. 4A) . Bath-application of yohimbine (1 μM) for 20 min produced an inward current with amplitude of 11.3 pA (n=4) that lasted as long as yohimbine (1 μM) was present in the LC neurons of juvenile rats (see Fig. 6Ab ). Yohimbine (1 μM) largely reduced the amplitude of the IPSC. Addition of MPH (3 μM) to an ACSF containing yohimbine (1 μM) did not enhance either the amplitude or duration of the IPSC at the same neuron. Figure 4B shows pooled data for the effects of MPH (3 μM) and yohimbine (1 μM) on the IPSC in juvenile rat LC neurons. The amplitudes of IPSCs were 27.6±1.7 pA (n=5) and 6.3±0.7 pA (n=5) in the absence and the presence of yohimbine (1 μM), respectively. The amplitude of the IPSCs was 6.8±1.0 pA (n=5) in the presence of both MPH (3 μM) and yohimbine (1 μM) in the ACSF. Thus, MPH (3 μM) did not significantly enhance the IPSC in the presence of yohimbine (p<0.1). These results suggest that MPH preferentially enhances noradrenergic IPSCs in LC neurons of juvenile rats.
It has been demonstrated that bath-application of NE (1 μM) produced an outward current (I NE ) via α 2 -adrenoceptors in adult rat LC neurons [19, 21] . In the present study, we examined the effect of MPH (1 μM) on the I NE induced by exogenously applied NE in juvenile rat LC neurons. The amplitude of the I NE was 22 pA under whole-cell patch-clamp conditions (Fig.  5Aa) . The I NE reached its peak within 3 min after the beginning of application of NE and then recovered 10-15 min after withdrawal of NE. At the same neuron, addition of MPH (1 μM) to the ACSF enhanced the I NE to 48 pA (Fig. 5Ab) . The time course of the I NE was also markedly increased by MPH (10 μM). Bathapplication of yohimbine (1 μM) for 20 min almost completely suppressed the I NE (Fig. 5Ac) . Figure 5B shows pooled data for the effects of yohimbine (1 μM) and MPH (1 and 10 μM) on the I NE in juvenile rat LC neurons. Yohimbine (1 μM) depressed the I NE to 23±3% (n=5, p<0.01) of control. MPH, at concentrations of 1 and 10 μM, increased the amplitude of the I NE to 238±31% (n=7) and 261±20% (n=7) of control, respectively. These results suggest that MPH postsynaptically enhances the IPSC, probably by increasing the concentration of NE at noradrenergic synapses in the LC. (1-30 μM) . Inset shows the time-to-peak (t 1 ) and the half-decay time (t 2 ). The (t 1 ) and (t 2 ) obtained before application of MPH were indicated as 100% (control). Vertical lines on these columns indicate the mean±SE of mean. Asterisk indicates the statistical significance obtained by unpaired Student's t-test (*p<0.01 vs control). Each column was obtained from 6 cells. 
Properties of I MPH mediated by NE in juvenile rat LC neurons
It has been shown that MPH causes an outward current (I MPH ) in LC neurons of adult rats [19] . Figure  6A shows the pharmacological properties of the I MPH obtained in juvenile rat LC neurons under whole-cell patch-clamp conditions. The amplitude of the I MPH was concentration-dependent (Fig. 6Ba) . MPH (0.3-1 μM) produced no detectable outward current in 15 LC neurons. At a concentration of 3 μM, MPH produced the I MPH with an amplitude of 14.8±5.1 pA (n=9) at -60 mV. The amplitudes of the I MPH induced by MPH, 10 and 30 μM, were 17.2±2.8 pA (n=7) and 43.4±4.2 pA (n=11), respectively. Figure 6Ab shows an example of the effect of yohimbine (1 μM) on the I MPH in a juvenile rat LC neuron. In the presence of yohimbine (1 μM), the application of MPH (30 μM) produced no obvious outward current at the same LC neuron. In the presence of yohimbine (1 μM), the amplitude of the I MPH produced by 30 μM MPH was 10.5±3.4 pA (n=5) (Fig. 6Ba, •) . Thus, yohimbine (1 μM) depressed the outward current induced by MPH (30 μM) to 74±5% (n=6) of control in juvenile rat LC neurons. Since MPH has been known to inhibit the re-uptake of DA in the CNS [10, 11] , it is possible that I MPH may be mediated by DA in juvenile rat LC neurons. Figure 6Bb shows the effects of antagonists for D 1 and D 2 receptors on the I MPH in juvenile rat LC neurons. The amplitude of the I MPH was reduced to 75±4% (n=9) of control in the presence of remoxipride (1 μM), an antagonist for D 2 dopamine receptors. The depression of I MPH by remoxipride (1 μM) was statistically significant as compared with those obtained in the absence of MPH (p<0.05). However, the amplitude of the I MPH was 86±5% (n=9) of control in the presence of SCH23390 (1 μM), a D 1 receptor antagonist (p<0.1, vs. control). These data are not statistically different from those in control animals, suggesting that the I MPH is mainly mediated by NE in juvenile rat LC neurons.
It has been demonstrated that the I MPH is mediated by the inward rectifier K + current in adult rat LC neuron [19] . We, therefore, investigated the electrophysiological properties of the I MPH in juvenile rat LC neurons. The I MPH was associated with an increase in the membrane conductance (Fig. 7Ab) . Figure 7Ba shows current-voltage (I-V) curves constructed by applying depolarizing and hyperpolarizing step-command potentials with a duration of 400 ms. The I-V curve obtained in the presence of MPH (30 μM) increased in slope and intersected the control curve at -91.1±4.3 mV (n=5). The reversal potential of the I MPH is close to the equilibrium potential of K + channels in juvenile rat LC neurons. Figure 7Bb shows the net component of the I MPH (▲) obtained by subtraction of the control I-V curve obtained in the ACSF (•) from that obtained in the presence of MPH (30 μM, •). The net I MPH exhibited inward rectification. It has been reported that Ba 2+ , at a micromolar concentration, selectively blocks the inward rectifier K + current in various central neurons [25] . Application of Ba 2+ (100 μM) itself produced an inward current at -60 mV in a juvenile rat LC neuron. In the presence of Ba 2+ (100 μM), application of MPH (30 μM) did not produce an outward current at -60 mV (Fig. 7Ca) . Pooled data showed that Ba 2+ (100 μM) depressed the I MPH to 23±4% (n=5) of control at -150 mV (Fig. 7Cb) . These data suggest that I MPH is mainly produced by activation of Ba 2+ -sensitive inward rectifier K + conductance in LC neurons.
DISCUSSION
The present study showed that bath-application of MPH (0.1 -10 μM) enhanced the IPSP (and IPSC) in a concentration-dependent manner in juvenile rat LC neurons. MPH (1 -30 μM) also increased the duration (time-to-peak and half-decay-time) of the IPSC. In contrast, the EPSP (and EPSC) was not significantly changed by MPH (0.3-100 μM). It has been shown that the EPSP is mediated by excitatory amino acids, while the IPSP is mediated by NE in LC neurons of adult rats [21] . Thus, MPH selectively enhances the inhibitory noradrenergic transmission in juvenile rat LC neurons. These results are comparable to those in LC neurons of adult rats. It has been shown that the IPSP is composed of two current components mediated by NE and GABA in mammalian LC neurons [24] . Bath-application of yohimbine (1 μM), an α 2 -adrenoceptor antagonist [26] , strongly reduced the amplitude of the IPSC in LC neurons of juvenile rats. In the presence of yohimbine (1 μM), application of MPH (3 μM) to LC neurons did not obviously enhance the residual IPSC. The NE-induced outward current (I NE ) was clearly enhanced by MPH (1 μM). Furthermore yohimbine (1 μM) blocked the I NE . These results suggest that the NE component of the IPSP is preferentially enhanced via activation of α 2 -adrenoceptors. It is, therefore, concluded that MPH enhances IPSP by increasing the concentration of intrinsic NE at noradrenergic synapses in juvenile rat LC neurons.
Whole-cell patch-clamp studies also showed that bath-application of MPH (1-30 μM) directly produced an outward current (I MPH ) in juvenile rat LC neurons. Yohimbine (1 μM) strongly depressed the I MPH . Since MPH has been known to block not only NET but also DAT in the mammalian CNS [10, 11, 27] , the contribution of DA to the I MPH was examined in juvenile rat LC neurons. The I MPH was significantly depressed by remoxipride, a D 2 receptor antagonist, but not by SCH23390, a D 1 receptor antagonist. These results suggest that DA is marginally involved in the I MPH . A recent HPLC study showed that DA content was 5 times lower than that of NE in LC neurons [28] . Thus, NE may be the primary mediator of the MPH-induced hyperpolarizing response (and the I MPH ) in the juvenile rat LC. The amplitude of the I MPH was increased at hyperpolarizing membrane potentials, showing inward rectification. The I MPH reversed polarity near the equilibrium potential of K + ions. The I MPH was strongly depressed by Ba 2+ (100 μM), a selective blocker for the inward rectifier K + current in the CNS [25] . In the present study, application of Ba 2+ (100 μM) itself produced an inward current at -60 mV in the ACSF and blocked the I MPH . These results suggest that the I MPH is produced by activation of Ba 2+ -sensitive inward rectifier K + current in juvenile rat LC neurons. Similar properties of the I MPH were shown in adult rat LC neurons [19] .
It has been reported that catecholamine content is detected in the LC neurons by 1 week after birth [29] . Recent studies have shown that the LC has very high expression of NET in the early postnatal period (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) postnatal day) and that the NET level in the LC exceeded the highest values found in any region in the CNS at an early developmental period [30] . NE is tonically released from recurrent collaterals of noradrenergic LC neurons [21] . In the present study, application of yohimbine itself to LC neurons in the juvenile rat caused an inward current at -60 mV. These results suggest that yohimbine blocks the outward current induced by intrinsic NE in juvenile rat LC neurons. In the present study, we observed that MPH produced a bell-shaped concentration-response relationship in enhancing the IPSC. MPH, at a concentration between 0.3 and 10 μM, increased the amplitude of the IPSC in a concentration-dependent manner. However, the effect of MPH (30 μM) was less potent than MPH (10 μM) in enhancing the IPSC. The IPSC was strongly depressed by MPH (100 μM). Since the IPSC and the I MPH are mediated by the same α 2 -adrenoceptors, bathapplication of MPH (30-100 μM) prior to nerve stimulation interferes with the action of nerve-evoked NE at the same noradrenergic synapses. In addition to the postsynaptic mechanism, the increase in NE content by MPH (30-100 μM) should activate presynaptic α 2 -autoreceptors, resulting in the blockade of the release of NE [31] .
LC neurons in the juvenile rat exhibited tonic firing of spontaneous action potentials with a frequency of 0.5 to 3 Hz at the resting membrane potential, resembling those in adult rat LC neurons [21] . The frequency of spontaneous firing activity appeared to be depressed during the application of MPH in juvenile rat LC neurons. The MPH-induced hyperpolarization and enhancement of the time course of the IPSP should depress the rate of output signals from the LC to various projection neurons in the CNS. It has been demonstrated that the firing rate of spontaneous action potentials is a pacemaker-like regulatory activity in the LC neurons [32] . Aston-Jones et al. [33] have proposed that noradrenergic neurons in the LC have two distinguishable modes of activity, namely phasic and tonic discharges of LC neurons. The tonic discharge activity mode may be related to search for alternative behavior, while phasic mode of LC activity may reinforce behaviors and help optimize task performance [34, 35] . Previous studies with extracellular recording methods reported that intravenous or intraperitoneal administration of MPH decreased the spontaneous firing rate in adult rat LC neurons [16, 18] . Decrement of tonic activity by MPH in LC neurons may change the discharge rate of LC neurons from a tonic to phasic mode of activity, improving attentional task performance.
The medial PFC is implicated in the formation of many cognitive functions including arousal, selective attention, and short-term working memory [4, 34, 36] . Activation of noradrenergic neurons in the PFC facilitates cognitive function [37] , attentional performance, learning and memory [38, 39] . In contrast, the reduction of NE release by activation of presynaptic α 2 -autoreceptors in adrenergic synapses produces deleterious effects on attention and target detection [8, 9] . In contrast, MPH, by increasing NE content in the PFC, improves the working memory and attentional functions in rats, while reducing locomotor activity [35] . A recent study has shown that MPH, at low concentrations, preferentially increases catecholamine neurotransmission within the PFC and enhances cognitive function [12] . MPH reduces the firing rate of spontaneous activity by enhancement of noradrenergic synapses, and increases the signal-to-noise ratio of incoming neuronal activities, making excitatory synaptic transmission more effective in the PFC. Further studies are needed to clarify whether the enhancement of noradrenergic inhibition in LC and/or PFC neurons underlies the therapeutic mechanism of MPH in patients with ADHD.
